Genetic mutations causing familial hypomagnesaemia syndromes are well-recognised. Affected patients can present with severe symptoms of hypomagnesaemia, such as seizures or cardiac arrhythmia. We report an affected child, from a consanguineous family, who presented in the first weeks of life with seizures secondary to hypomagnesaemia, without other associated clinical features. We performed whole exome sequencing in the affected child and segregation analysis within the family, which revealed a novel homozygous missense mutation in , which was confirmed as TRPM6 a heterozygous allele in both parents and two younger siblings who had transient hypomagnesaemia. Using modelling, we provide in silico evidence that the missense variant p.(K1098E) in is pathogenic, as TRPM6 it disrupts stabilising TRP domain interactions. Management of familial hypomagnesaemia relies on prompt recognition, early magnesium replacement and lifelong monitoring.
Introduction
Homeostasis of the serum magnesium level is essential for human cellular function, and levels are maintained in the normal range by tight control of magnesium reabsorption by the kidney tubules 1 . Hypomagnesaemia can manifest with a range of symptoms, from tremor, muscle spasms or nystagmus through to seizures, arrhythmias and cardiac arrest. Early identification of the electrolyte abnormality is vital, as treatment with magnesium replacement is efficacious and inexpensive. Common causes of hypomagnesaemia in adults include refeeding syndrome, diarrhoea, malabsorption, alcohol abuse and medications such as proton pump inhibitors 2, 3 . Renal magnesium wasting is indicated by an inappropriately high fractional excretion of magnesium in urine despite hypomagnesaemia, and is seen in postobstructive diuresis, the recovery phase of acute tubular necrosis, hypercalcaemia and in response to certain diuretics 4 . However, genetically inherited mutations that cause renal hypomagnesaemia are well-recognised, and typically present in childhood if they are secondary to autosomal recessive disorders 5 . Genetic forms of hypomagnesaemia should also be considered in certain clinical scenarios, such as in the presence of a positive family history of related disorders, consanguinity, or fulminant presentation.
Once a genetic cause of hypomagnesaemia is suspected, work-up can be guided by associated features and age at presentation. Though obtaining a genetic diagnosis will not alter the treatment of magnesium replacement therapy, it is vital for identifying others at risk and family counselling, and may help to guide the clinician to screen for associated phenotypic features.
Case report
We report a child from a consanguineous family (parents were second degree cousins) from Oman, who presented with seizures and hypomagnesaemia. The affected individual, a female child, presented at 20 days of age with tonic-clonic seizures. There was no history of fever or diarrhoea, and after an uncomplicated pregnancy she had been born healthy at term, without syndromic features. Serum magnesium was severely low at 0.35 mmol/L and was associated with a mild hypocalcaemia and suppressed parathyroid hormone (PTH) ( Table 1) . The urinary fractional excretion of magnesium was inappropriately in the normal range given the severe degree of hypomagnesaemia present, suggesting contributory renal magnesium wasting. There were no other specific clinical or biochemical features; of note peripheral oxygen saturations and capillary blood glucose levels were within normal limits. Renal ultrasound scan was normal, with no nephrocalcinosis. She was initially treated with intravenous magnesium (20% MgCl 2 0.1 mmol /kg every 6 hours p.r.n.) and calcium replacement (10% Calcium Gluconate 0.11 mmol/kg). At 4 years of age she is now supported with high-dose oral magnesium supplements (magnesium sulphate 500mg qds) alone, and remains well with no further seizures, though she maintains a low serum magnesium level between 0.4-0.6 mmol/L.
Of note, a younger sibling of the proband, also female, presented at 18 days old with abnormal eye movements in association with a complex partial seizure. Her serum magnesium was below normal limits (0.53 mmol/L), with serum calcium and PTH within the normal range ( Table 1 ). The fractional excretion of magnesium was inappropriately high, and again renal ultrasound scan was normal and no other clinical features were noted. She was treated with intravenous magnesium replacement (20% MgCl 2 0.1 mmol /kg every 6 hours p.r.n.), followed by a period of maintenance oral magnesium replacement (magnesium sulphate 300 mg b.d.). At 2 years of age she remains well with no further seizures, and she maintains magnesium levels within the normal range without additional supplementation. A younger asymptomatic male sibling was screened with serum biochemistry ests at 1 week of age. Serum magnesium was low at 0.6 mmol/L, with normal serum calcium and PTH levels (Table 1) . Supplementation was not started, and by 1 year of age serum magnesium was within the normal range.
Genetic investigations
Detailed information on the techniques described below is given in the Methods section. Following informed consent, whole exome sequencing (WES) was performed in the eldest sibling, II:1 ( Figure 1 ). Analysis using a combination of homozygosity mapping and variant calling revealed a homozygous missense mutation c.3292A>G, p.(K1098E) in TRPM6 within a large region of homozygosity by descent ( Figure 1 ). The missense variant was confirmed by Sanger sequencing, and cascade screening confirmed this variant was in its heterozygous state in both parents and both mildly affected siblings. In silico tools confirmed evolutionary conservation ( Figure 1 ) as well as the rarity and predicted pathogenicity of the variant (Table 2) . Using predictive modelling of the protein structure we were able to show that the lysine residue at position 1098 is predicted to form a stabilising interaction within the TRP domain, and that the missense mutation of TRPM6 K1098 to glutamate is predicted to disrupt this interaction ( Figure 2 ).
Discussion
As the second most abundant intracellular cation, magnesium is vital for normal cell function 1 . The majority of ingested magnesium load is absorbed in the distal small bowel via paracellular mechanisms, and the remainder is absorbed in the colon by transient receptor potential melastatin type 6 (TRPM6) ion channels in gut epithelium 1 . Serum magnesium levels make up a relatively tiny proportion of whole-body magnesium content, but needs to be kept within a narrow range to maintain neuronal, skeletal muscle and cardiac muscle cell stability. Serum magnesium homeostasis is therefore tightly regulated by reabsorption in the kidney; the majority is reabsorbed in the thick ascending limb of the loop of Henle via a paracellular route, and the 'fine-tuning' is performed in the distal convoluted tubule (DCT) via apically located TRPM6 channels.
Hypomagnesaemia is a common electrolyte disturbance, with a prevalence of 20% in hospitalised patients 6 . Causes in adults include inadequate intake, refeeding syndrome, renal losses, gastrointestinal losses in diarrhoea, gastrointestinal malabsorption, and medications such as proton pump inhibitors (PPIs) 7 . Serum magnesium levels may be requested as part of an extended biochemical panel if there is clinical concern about these risk factors, if symptoms or cardiac arrhythmia are present, or if other disturbances such as hypokalaemia or hypocalcaemia prompt the consideration of magnesium depletion. Measurement of urinary magnesium may help distinguish between gastrointestinal and renal losses. Urinary magnesium levels will be low if hypomagnesaemia is secondary to gastrointestinal losses, as the kidneys appropriately work to maximally reabsorb filtered magnesium, but raised or inappropriately normal despite low serum magnesium levels in renal magnesium wasting conditions. The majority of renal causes of hypomagnesaemia are not genetic, such as renal losses induced by post-obstructive diuresis, the recovery phase of acute tubular necrosis, hypercalcaemia, or drugs such as loop and thiazide diuretics, cisplatin, tacrolimus and aminoglycosides.
Magnesium wasting disorders found in families have been shown to be associated with over a dozen genes 5 . Similar to other monogenic diseases causing renal tubule phenotypes, the study of these diseases has greatly contributed to our knowledge of the renal tubular transport proteins responsible for homeostatic and physiological functioning. Familial hypomagnesaemic renal disorders may be inherited in both autosomal dominant and recessive patterns, and the underlying genes uncovered so far all encode proteins found in the thick ascending limb of the loop of Henle or DCT. Familial hypomagnesaemias may be categorised into four groups. These include hypercalciuric hypomagnesaemias (secondary to mutations in CLCNKB (Bartter syndrome type 3), CLDN16, CLDN19, CASR); Gitelman-like hypomagnesaemias (secondary to mutations in SLC12A3 (Gitelman syndrome), BSND (Bartter syndrome type 4), KCNJ10, FYXD2, HNF1B, PCBD1); mitochondrial hypomagnesaemias; (mutations in SARS2, MT-TI and Kearns-Sayre syndrome) and other hypomagnesaemias (secondary to mutations in TRPM6, CNMM2, EGF, EGFR, KCNA1, FAM111A)
5 .
TRPM6 is expressed in both the colon and the DCT of the kidney, and mutations here can cause the condition known as hypomagnesaemia with secondary hypocalcaemia. There have been dozens of distinct mutations in TRPM6 associated with this condition, and different variants can cause different effects on the function of the TRPM6 transporter 1 . In patients with TRMP6 mutations magnesium absorption from the colon is decreased (primary intestinal hypomagnesaemia), and the DCT is unable to perform the 'fine-tuning' of magnesium reabsorption and inappropriately wastes magnesium via the urine. Due to this dual pathology, the condition can cause the most profound electrolyte wasting of the genetic hypomagnesaemias. It typically presents in the neonatal period with severe symptoms due to hypomagnesaemia and hypocalcaemia such as seizures, which are subsequently responsive to magnesium administration 8 . The hypocalcaemia is thought to be secondary to hypoparathyroidism, which is induced by hypomagnesaemia 9 . Interestingly, the observation that treatment with PPIs is associated with hypomagnesaemia has led to a proposed mechanism of PPI-induced inhibition of TRPM6 and TRPM7 channels in the gastrointestinal tract 10 . TRPM6 may also be downregulated in the DCT in response to cyclosporine, resulting in renal magnesium wasting 11 .
Treatment of all the genetic hypomagnesaemia disorders, including those caused by TRPM6 mutations, is with magnesium replacement therapy, either oral or intravenous depending on urgency and the tolerability of oral products. The major sideeffect of oral magnesium replacement is diarrhoea, which can limit treatment compliance and paradoxically cause worsening of hypomagnesaemia due to increased gastrointestinal losses.
Overall the prognosis of hypomagnesaemia with secondary hypocalcaemia is excellent, and serum calcium levels normalise as serum magnesium levels improve.
Given what is known about hypomagnesaemia with secondary hypocalcaemia, our first patient presented typically, with severe symptoms and the expected biochemical profile, including low PTH. WES confirmed a homozygous missense mutation in TRPM6, and clearly the family history of consanguinity was consistent with the diagnosis of an autosomal recessive disorder.
In keeping with previous case reports she did not maintain magnesium concentration in the normal range, despite high dose oral replacement. Interestingly, the second child also had severe symptoms at presentation despite ultimately proving to be heterozygous for the TRPM6 mutation. However, it can be seen that her presentation was less fulminant, without the development of tonic-clonic seizures and with milder derangement of biochemical parameters. In keeping with this less severe phenotype, she now maintains normal serum magnesium levels without supplementation. Finally, the third sibling had documented transient and asymptomatic hypomagnesaemia, which corrected by 1 year of age. These two siblings provide some evidence that a heterozygous allele in infants may lead to a transient biochemical phenotype, presumably related to the immaturity of the DCT to regulate magnesium. Adults heterozygous for TRPM6 pathogenic variants have never been reported to have abnormal serum magnesium levels 12 . Heterozygous Trpm6 knockout mice exhibit mild hypomagnesaemia under a normal diet, suggesting that a milder phenotype may be associated with the loss of one TRPM6 allele 13 .
The location and predicted pathological effect of the missense mutation warrants further discussion. Previously described missense mutations in TRPM6 include p.(S141L) and p. , which suggest a conserved global architecture for TRPM family members, consistent with sequence conservation (see Extended data, Supplementary Figure 1) 26 . We therefore utilised all structures to interpret the likely pathogenic effect of the TRPM6 K1098E variant (with the exception of TRPM8, due to low resolution in the homologous region 25 ). TRP domain sequence analysis ( Figure 2A ) revealed conservation of a basic residue at the homologous position to K1098 in TRPM6, indicating an important functional role for the positively charged side-chain. Studies of TRPM6-TRPM8 suggest that positively charged residues in the TRP domain may interact with the negatively charged phosphate groups in phosphatidylinositol-4,5-bisphophate (PIP 2 ) to mediate channel activation 27, 28 . Neutralisation of the positive charge by substitution with glutamine was shown to abolish channel activity in TRPM6 K1098Q 27 and TRPM8 R1008Q
28
, although surprisingly no significant effect on channel activity was seen in the homologous TRPM7 K1125Q variant 27 . Moreover, the homologous TRPM4 variant (R1072Q) exhibited normal sensitivity to PIP 2 , arguing against this residue being involved directly in PIP 2 binding 29 . Based on the available TRPM structures, we predict K1098 may mediate one of several stabilising interactions in TRPM6. In the cryo-EM structure of TRPM2 ( Figure 2B) , and TRPM6 homology model (Figure 2C) , the TRP domain lies in close proximity to the ion conduction pathway, with mutations in this domain likely to affect channel gating. Indeed, mutation of TRP domain residues in TRPM2 (E1110) and TRPM4 (E1068) were shown to impair the binding of Ca 2+ necessary for priming the channel for voltage-dependent opening 19, 20, 30 . In TRPM2, E1110 in the TRP domain stabilises Q896 in the S2 helix ( Figure 2D) -dependent TRPM channels (Figure 3 ), but are replaced by glutamate (E889) in the Ca 2+ -independent TRPM6 ( Figure 2E ). TRPM6 modelling ; Figure 2D ) in the S2 helix ( Figure 2E ), thereby priming the channel for activation in a Ca 2+ -independent manner. Alternatively, TRPM6 K1098 may potentially serve to stabilise the TRP domain helix itself, either through a cation-π interaction with Y1095 ( Figure 2E ), equivalent to that identified in the cryo-EM structure of TRPM4 between R1072 and F1069
22
, or via interaction with the hydroxyl side-chain of T1094 (equivalent to TRPM2 E1110; Figure 2E ). This latter potential interaction is analogous to that modelled between TRPM8 R1008 and E1004, whereby agonist/antagonist binding was predicted to modulate the position and intra-protein contacts of R1008 (equivalent to TRPM6 K1098), with resultant changes in the TRP domain helix effecting channel opening/closing, respectively 31 . Substitution of TRPM6 K1098 with the negatively charged glutamate (K1098E; Figure 2F ) is predicted to be pathogenic since this change would destabilise any of the potential interactions discussed.
Conclusion
Here we provide evidence for a novel pathogenic missense mutation p.(K1098E) in TRPM6 which leads to a severe hypomagnesaemia with secondary hypocalcaemia phenotype in an affected child. In silico modelling of homologs of the TRPM channels supports an important stabilising role for this residue.
Methods
Clinical summaries were prepared and DNA samples taken from whole blood following informed and written consent. Ethical approval for this study was obtained from the National Research Ethics Service (09/H0903/36).
A DNA sample from the affected proband underwent WES, performed via GATC Biotech. A DNA library was prepared using enrichment with SureSelectXT and a human All Exon Kit. Sequencing was performed using Illumina with paired end reads of 2 x150 bp with a >30X average on target coverage. Raw data was analysed via a commercial bioinformatics pipeline (GATC Eurofins), which included mapping against genomic reference sequence and detection of SNPs and InDels using GATK's Haplotype caller 32 . Resulting vcf files were analysed using Qiagen Ingenuity Variant analysis software (Build 5. Variants in genes and segregation in other family members were confirmed using exon PCR followed by Sanger sequencing.
Human TRPM6 (UniProt accession Q9BX84) was modelled against the cryo-EM structures of TRPM2 (PDB accession 6CO7; 19 This project contains the following extended data:
• 
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I confirm that I have read this submission and believe that I have an appropriate level of expertise to confirm that it is of an acceptable scientific standard. The most interesting and possibly contentious issue is the identification of neonatal hypomagnesemia in the siblings with heterozygous p.Lys1098Glu variant. My understanding from the literature is that even asymptomatic hypomagnesemia has not been documented in adult carriers of TRPM6 mutations, and therefore symptomatic presentation would be very unusual indeed. The authors attribute the hypomagnesemia in the heterozygous siblings to immaturity of the DCT. The following points, in my view, merit some extra thought:
Abhijit Dixit
The only serum magnesium value provided for the sibling II:2 is 0.53mmol/L in the context of 'abnormal eye movements.' The complex partial seizure is not described and no further definite seizure episode is documented. Is it possible to be certain that this episode represented a symptomatic seizure and suggest a causal relationship with modest hypomagnesemia? Were other investigations (e.g. MRI brain, blood sugar etc.) performed to identify an alternative explanation for the child's paroxysmal episode?
Information on magnesium levels in the parents would be very important and, if possible, maternal magnesium levels around the time of delivery.
It is not specified for how long the magnesium supplementation was prescribed in the two children.
It would be helpful to clarify the timeline of events further. Before exome sequencing revealed the 1 4.
2.
It would be helpful to clarify the timeline of events further. Before exome sequencing revealed the diagnosis, what were the possible diagnostic considerations in the two older siblings?
Lastly, some minor changes would further improve the manuscript:
Three letter amino acid nomenclature is preferable to the single letter codes now, i.e. Lys1098Glu instead of K1098E.
In Table 1 , the current magnesium levels of patient II:1 has a decimal point missing. '0.4-0.6mmol/L' is presumably what was intended.
It is preferable to say 'second cousins' rather than 'second-degree cousins', as family relationships in degree terms implies parents/siblings and children as first degree relatives and uncles/grandparents as second degree relatives. First cousins would be third degree relatives.
Ideally, a proper pedigree should be drawn so that the familial relationship is clear. I confirm that I have read this submission and believe that I have an appropriate level of expertise to confirm that it is of an acceptable scientific standard, however I have significant reservations, as outlined above. 
Lilia Romdhane
The authors provide a molecular investigation of a familial hypomagnesaemia using whole exome sequencing in a consanguineous family from Oman. A novel missense mutation in the gene at TRPM6 homozygous state has been identified in the index patient. A bioinformatic analysis using a modelling approach was performed to explain the pathogenic effect of the novel mutation.
General comments:
The authors have to provide the OMIM numbers of the diseases reported in the manuscript. The version of the human genome used for read alignment and annotation also has to be mentioned. The status of the identified mutation "novel or new" is only provided in the abstract and the conclusion. Is this family the first one reported with the disease from Oman? The result section drastically lacks details. In addition, details on the methods and tools used during this study have to be provided. Please divide the "Methods" section into sub-sections: Example: Whole Exome Sequencing, WES data analysis, Homozygosity mapping, TRMP6 ortholog alignment, Structural modelling …
Specific comments:
Are enough details provided of any physical examination and diagnostic tests, treatment given Question: and outcomes?
Clinical description of the parents are lacking as it is mandatory to explain why Reviwer's comment: heterozygous siblings show a moderate phenotype and therefore, helps the interpretation of the genetic results. Are the parents also showing abnormal level of magnesium ?
Is sufficient discussion included of the importance of the findings and their relevance to future Question: understanding of disease processes, diagnosis or treatment?
Familial hypomagnesaemia (OMIM#602014) is a genetic autosomal recessive Reviwer's comment: disorder caused by mutations in the gene in homozygous or compound heterozygous state. The TRPM6 authors identified a novel missense mutation at homozygous state in the index patient. The parents and the sister and brother were heterozygous. In the absence of the precise clinical description of the parents, the finding of the expression of some clinical symptoms in the brother and sister harboring the mutation at the heterozygous state is not consistent with the autosomal recessive transmission mode of the disease. Therefore, are the parents completely healthy or are they showing some hypomagnesaemia? The authors state that no adults heterozygous for mutations have been reported showing abnormal serum TRPM6 magnesium levels. Is this statement supported by any biochemical dosages in the parents of the studied family? As heteroygous carriers with moderate expression of an autosomal recessive disease have been reported in a consanguineous population (Mokni et al ) the authors have to provide further clinical details of the parents and reformulate their hypothesis. Moreover, as the authors performed a whole exome sequencing, they have access to the completed catalogue of coding variants of the patient. Is the patient harboring other variants of functional effects in the gene and/other candidate genes? in modifier genes? Are these variants present in the brother TRPM6 1 the gene and/other candidate genes? in modifier genes? Are these variants present in the brother TRPM6 and sister that help explaining their phenotypes? Lainez et al , reported a patient with a TRPM6 heterozygous mutation with familial hypomagnesaemia. They explained the phenotype by the presence of a variant, that when combined with the pathogenic mutation, drastically decreases the magnesium level. They supported they statement with functional assay. Therefore, the authors are invited to perform again the bioinformatic analysis of variant annotation and filtering. Consequently, both the result and discussion sections have to be revised.
Karl Peter Schlingmann
Department of General Pediatrics, University Children's Hospital, Münster, Germany Dear editors and authors, In their manuscript entitled "Investigation and molecular genetic diagnosis of familial hypomagnesemia: a case report" Jamie Willows and colleagues describe a patient with the typical clinical presentation of familial hypomagnesemia with secondary hypocalcemia (HSH). Molecular genetic studies identified a homozygous mutation in the gene as the underlying pathology. The TRPM6 gene encodes a TRPM6 member of the transient receptor potential (TRP) family of ion channels that is involved in the formation of epithelial magnesium permeable ion channels in intestine and kidney. If it does so alone or in cooperation with TRPM7 has been a matter of debate. In addition to the initial studies and two larger follow-up reports, mostly small case series or case reports have been published of patients with HSH and mutations in . HSH is thought to represent TRPM6 a classic autosomal-recessive disease with unaffected heterozygous parents and siblings. Most patients were found to carry non-sense mutations in TRPM6 including stop mutations, small deletions/insertions, leading to a shift in the reading frame and premature stops of translations, splice site mutations, and also deletions of larger parts of the gene. Only a small number of missense mutations have been reported of which a subset has been analyzed functionally.
These almost uniformly lead to a complete loss-of-function. Study design and results of this report are presented accurately and the appropriate literature is cited correctly. The methods used for molecular diagnosis and in-silico modeling of the identified mutant are provided. The initial presentations as well as diagnostic tests performed, treatments given and clinical outcomes of the index patient and siblings are described in sufficient detail. In the context of the published literature, this case report is unique for two reasons: to my knowledge, the discovered p.K1098E variant is the first missense mutation directly affecting the TRP domain of the TRPM6 ion channel subunit. The TRP domain is thought to play a crucial role in ion channel multimerization as well as in channel activation by PIP2 (phosphatidylinositol-4,5-bis-phosphate). Accordingly, the authors present comprehensive data analyzing the putative effects of the discovered mutant by comparing this naturally occurring mutant to engineered mutants at the identical position in TRPM6 and related TRPM channel subunits. Though the effects of engineered mutants on channel activity as well as PIP2 mediated channel activation are not consistent, the genetic data presented here together with the disease phenotype clearly argue for the pathogenetic role of the discovered mutant. It will be interesting to study this mutant functionally in an overexpression system (especially in combination with wildtype TRPM6 subunits and TRPM7, see below). The second intriguing finding presented here is that, in addition to the index patient, two siblings carrying the p.K1098E variant in heterozygous state presented in infancy with hypomagnesemia and a cerebral seizure in case of one sibling. Such a finding in heterozygous mutation carriers has not been reported before. The authors consider this finding a general feature of the disease and attribute it to a possible immaturity of the renal tubule in early life. Serum magnesium levels have not been systematically evaluated in clinically unaffected siblings so far. However, measurements of serum magnesium levels in the first weeks of life have been advocated in siblings to exclude disease before clinical presentation with cerebral seizures and before quick genetic testing became feasible. Newborns usually start with their mothers serum magnesium at birth and in case of defective TRPM6 show a continuous decline of serum levels over the following weeks. At least in single families, measurement of serum magnesium yielded normal levels and was able to exclude disease in younger siblings (unpublished data, personal observation). Therefore, the information on maternal serum magnesium is critical in this family to better classify the observed changes in the heterozygous siblings as following the mentioned approach, the measurement of serum magnesium levels would have suggested the diagnosis of HSH also in the heterozygous siblings of this family rather than excluding classic disease. Finally, it is also conceivable that the hypomagnesemia observed in the siblings of the family presented here represents a mutation specific phenomenon rather than a general finding in patients with heterozygous TRPM6 mutations which specific phenomenon rather than a general finding in patients with heterozygous TRPM6 mutations which could also be discussed in the report. Are there indications of a functional effect of the p.K1098E mutant on heteromultimerization with wildtype TRPM6 or TRPM7 via TRP domain interactions? Were there additional variants in the TRPM6 gene identified by WES (especially on the unaffected alleles of siblings)? Do the two siblings share the identical unaffected allele of mother or father? Could an additional variant potentially explain the transient phenotype?
Minor comments and suggestions: the dose of daily oral magnesium should please be provided in mmol/kg/day as it allows easier comparison with published doses (500mg Mg-sulphate should be 4.06mmoles) discussion line 7: "need" instead of "needs" (serum levels) could you please add a citation for the physiological summary in the first discussion section 
